Abstract
Introduction

43
The existence of pronounced death and lysis during bacterial biofilm 44 development has led to the proposal that these relatively simple organisms have the 45 capacity to control cell viability in a process analogous to apoptosis in more complex 46 eukaryotic organisms (1, 2). A key function of these processes, referred to as bacterial Pseudomonas aeruginosa (3) and has since been shown to be important for biofilms 51 produced by a wide range of bacterial species (3-9). Although some reports suggest the 52 involvement of bacteriophage in DNA release during biofilm development (9-12), the 53 presence of distinct regions of cell death and lysis indicates that this process is highly 54 regulated (4, 6, 9, 13).
55
Insight into the molecular mechanisms controlling PCD has come from studies of 56 the S. aureus cidABC and lrgAB operons, which were originally characterized as 57 mediators of murein hydrolase activity and lysis (14-16). The mode of action of their 58 gene products has been hypothesized to involve a mechanism analogous to the holin-
59
/antiholin-mediated control of host cell lysis during bacteriophage infection (1, 17). A 60 role for these operons during biofilm development was demonstrated by the 61 observations that cid and lrg mutations affect biofilm formation, disrupting the normal 62 architecture that is a characteristic of these multicellular communities (6, 7).
63
Additionally, it was established that the cid mutant produced biofilm with reduced levels 64 of matrix-associated eDNA, while the lrg mutant exhibited increased levels of this matrix 4 viability and lysis, including localized dead cell and eDNA staining in towers and more 89 homogeneous live cell populations in the basal biofilm (4, 6, 9, 13). This has led us to 90 hypothesize that the differential expression of cell death and lysis within biofilm an optimal balance of expression that is essential for normal biofilm development (2).
95
Indeed, expression of the S. aureus cidABC and lrgAB operons has been shown to be 96 tightly coordinated by regulators that sense and respond to basic metabolic processes.
97
For example, cidABC expression is induced by the LysR-type transcriptional regulator, 98 CidR, under conditions of excess glucose and oxygen (overflow metabolism) (23-25), 99 while lrgAB expression is stimulated by changes in membrane potential in a process 100 that is dependent on the two-component regulatory system, LytSR (26). Although much 101 is known about the regulatory signals important in cidABC and lrgAB expression, how 102 these signals are integrated during biofilm development remains unknown.
103
In the study presented here, we explore the effects of hypoxic growth on cid and 104 lrg expression and its on impact gene expression during biofilm development. Notably, 105 planktonic growth under hypoxic conditions was found to strongly induce the 106 transcription of the cidABC operon, consistent with the hypothesis that hypoxic biofilm 107 microenvironments could have a dramatic effect on expression of these genes (27 incubation with shaking at 250 rpm at 37˚C using a 10:1 flask to volume ratio. Hypoxic following antibiotics were added to the growth medium: chloramphenicol (5 µg/ml), 132 erythromycin (2 µg/ml) and tetracycline (5 µg/ml).
134
Generation of transcriptional reporter fusions
135
The S. aureus cidABC, lrgAB, and ldh1 promoter regions were PCR-amplified 136 using oligonucleotide primers flanking these sequences and Thermolace high fidelity 137 DNA polymerase (Invitrogen, Carlsbad, CA). Specifically, a 689 nt DNA fragment 138 spanning the promoter region of cidABC (P cidABC ), and a 500 nt DNA fragment spanning 139 the promoter regions of lrgAB (P lrgAB ) and ldh1 (P ldh1 ), were amplified using the cidA-pro, 140 lrgA-pro, and ldh1-pro primer sets, respectively, listed in Table 2 . Each promoter 141 fragment was ligated into pCR2.1 using the Invitrogen TA cloning kit (Carlsbad, CA) and 7 the recombinant plasmids were transformed into E. coli DH5α cells (Table 1) Table 1 ). The resulting transcriptional fusion plasmids, pEM80 (P lrgAB ), pEM81
149
(P cidABC ), and pEM87 (P ldh1 ), were then electroporated into S. aureus strain RN4220 150 (Table 1) . Plasmid DNA from the transformants was reisolated and electroporated into 151 S. aureus UAMS-1 and its cidR and lytSR mutant derivatives, KB1090 and KB999
152
( Table 1) .
153
A dual reporter plasmid (designated pDM4) containing divergently transcribed 154 cidABC and lrgAB promoter regions fused to genes encoding green and red fluorescent 155 proteins, respectively, was constructed as follows. Primers DsRed-f and DsRed-r (Table   156 2) were used to amplify the gene encoding DsRed.T3(DNT) fluorescent protein (30).
157
The 717 bp DsRed.T3(DNT) PCR product was ligated into the SalI-SphI sites of the 158 shuttle vector, pBK123 (Table 1) , producing pDM1. Using primers lrgA-r, cidA-r, 159 cidABC-lrgAB-f, and lrgAB-cidABC-f ( were seeded by pumping from the output wells to the input wells at 2.0 dyn/cm 2 for 5-10 204 sec. Cells were then allowed to attach to the surface of the channels for 1 hr at 37˚C.
205
Excess inoculums were carefully aspirated off and 1.3 ml of 50% TSB + 0.125% were grown and diluted to an OD 600 of 0.05 in TSB+0.5% glucose with 1.0 µM Toto-3.
212
Subsequently, 400 µl of each inoculum was placed in one well of an 8-chamber Lab-Tek
213
Chambered #1.0 Borosilicate Coverglass system (Nunc, Rochester, NY). Biofilms were 214 grown for 6 hr at which point they were imaged using confocal laser scanning 215 microscopy (CLSM), described in detail below.
216
Confocal microscopy
217
Planktonic S. aureus cells expressing fluorescent reporter genes were grown and 218 imaged by CLSM as follows. Overnight cultures were diluted to an OD 600 of 0.1 into 219 fresh medium and incubated under aerobic and hypoxic conditions as described above.
220
Samples of the cultures were harvested and pelleted by centrifugation at 14,000 × rpm 
Results
233
Induction of cid and lrg expression during hypoxic growth
234
Previous studies of cidABC and lrgAB transcription showed that expression of both of 235 these operons was induced during aerobic overflow metabolism (23) To study cid and lrg expression within a biofilm, we first examined the fluorescent 287 reporter constructs in biofilm grown under static conditions. As shown in figure S2 
288
(panels a and c), GFP fluorescence was observed in biofilm formed by the wild-type 289 strain containing the cid fusion, but not in the cidR mutant, similar to growth under 290 planktonic conditions (Fig. 1) . Also similar to planktonic growth (Fig. 2) , the lrgAB 291 promoter was not expressed in a static biofilm (Fig. S2d) . As anticipated based on 292 previously published results demonstrating the hypoxic nature of static biofilms (22), the 293 ldh promoter fusion construct also expressed GFP fluorescence in our static biofilm 294 assays (Fig. S2b) .
295
To examine the pattern of cid and lrg expression during biofilm development constitutively high levels of fluorescence (Fig. 4) , clearly distinct from the larger towers.
317
These smaller towers appear to emerge from a single highly fluorescent cell that divides
318
(although with a seemingly slower growth rate compared to the other clusters) and 319 remains exclusively associated with its siblings until a large, intensely fluorescent tower 320 was formed. In addition, these towers appeared to be less adherent, as demonstrated
321
by their propensity to release smaller cell clusters (Fig. 4) 
342
To clearly distinguish the coincidence of cid and lrg expression within the tower 343 structures, a dual cid/lrg reporter strain was also generated. The cid promoter was fused 344 to the gene encoding sGFP, and the lrg promoter was fused to the gene encoding 
360
Correlation of lrg expression with cell death and lysis
361
Previous studies using confocal laser scanning microscopy demonstrated that 
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In the first part of this study, we demonstrate that in addition to being induced by 409 growth in the presence of excess glucose, cid expression is also induced during growth 410 in an hypoxic environment (Fig. 1) , conditions known to predominate within a biofilm. In are not a result of a regulatory mutation (e.g. -within the cidR gene).
467
The lrgAB::gfp strain also generated a fluorescent signal that was associated as well as the metabolic differences between these tower types, will be essential for 484 understanding the basis for the expression differences observed.
485
Given the proposed functions of the cid and lrg operons, we next wanted to 486 examine the correlation between expression of these genes in a biofilm, and the death 487 and lysis that occurs in these structures. As shown in figure 8, 
